R ecruitment of monocyte-derived macrophages into the arterial wall is rate-limiting for the initiation and progression of atherosclerotic lesions.
proteins, such as 14-3-3zeta. [11] [12] [13] [14] SSH1L is activated upon its release from 14-3-3zeta, involving a poorly defined process that results in the oxidation of 14-3-3zeta. 12 , 15 We now identified S-glutathionylation-induced degradation of 14-3-3zeta as the critical step in SSH-1L release. Hyper-S-glutathionylation and degradation of 14-3-3zeta induced by metabolic stress is responsible for the SSH1L-mediated hyperactivation of cofilin in metabolically primed monocytes and contributes to the conversion of metabolically stressed monocytes into a hyperchemotactic and proatherogenic phenotype.
Materials and Methods
Materials and Methods are available in the online-only Supplement..
Results

MCP-1-Induced Cofilin Phosphorylation Is Inhibited by Metabolic Stress but Restored by Overexpressing Glutaredoxin 1
Previously, we reported that chronic exposure to a hypercholesterolemic (LDL) and hyperglycemic (HG) environment sensitized THP-1 monocytes to the chemoattractant MCP-1, resulting in increase in monocyte migration through a mechanism that involves protein S-glutathionylation and increased actin remodeling. 3 Exposure of monocytes to low-density lipoprotein plus high glucose (LDL+HG) decreases the F-actin/Gactin ratio in response to MCP-1, indicating enhanced actin turnover in metabolically primed monocytes. 3 To identify the mechanism that accelerates actin turnover, we first determined whether metabolic stress alters the activation state of cofilin, a central regulator of actin turnover. 16 In healthy monocytes, MCP-1 induced a gradual increase in cofilin phosphorylation, indicating that cofilin was being inactivated. In contrast, metabolic priming resulted in decreased cofilin phosphorylation after MCP-1 stimulation and completely suppressed the inactivation of cofilin observed in healthy monocytes, indicating cofilin was being hyperactivated ( Figure 1A ; Figure I in the online-only Data Supplement). Total cofilin levels, however, did not change in response to metabolic stress ( Figure II in the online-only Data Supplement).
Overexpression of the thiol transferase glutaredoxin 1 (Grx1) protects monocytes against metabolic priming and normalizes chemotaxis in response to MCP-1. 3 Increasing Grx1 levels also protected monocytes from increased actin turnover ( Figure III in the online-only Data Supplement). However, metabolic stress does not induce any significant change in the Grx1 expression levels. 17 Interestingly, compared with wild-type (WT) blood monocytes isolated from, Grx1-deficient mice showed no change in their basal 14-3-3zeta expression or level of cofilin phosphorylation ( Figure  IV in the online-only Data Supplement). It should be noted that in contrast to human monocytes, murine cells express Grx2 splice variants that like Grx1 localize to the cytosol 18 and may have compensated for the loss of Grx1 activity in monocytes from Grx1-null mice. Furthermore, there are other enzymes systems, including the thioredoxin family and peroxiredoxins, that are capable of deglutathionylating proteins, albeit less effectively than Grx. 19, 20 These findings may explain why Grx1 deficiency alone does not mimic metabolic priming ( Figure IV in the online-only Data Supplement), yet overexpression of Grx1 protects monocytes from the effects of metabolic stress.
In the absence of MCP-1 stimulation, Grx1 overexpression had no effect on cofilin phosphorylation in monocytes, irrespective of whether the cells were primed or not (not shown). However, increasing Grx1 expression (Figure V in the onlineonly Data Supplement) increased MCP-1-induced cofilin phosphorylation by 255% in healthy and by 167% in primed monocytes ( Figure 1B) Figure 1B , 2nd bar) was significantly blunted by Grx1 overexpression ( Figure 1B , 4th bar). In fact, increasing Grx1 activity in metabolically primed monocytes fully restored the delayed inactivation of cofilin after MCP-1 stimulation observed in healthy monocytes. (Figure 1B , 1st bar).
Metabolic Priming Decreases 14-3-3zeta Protein Levels in Monocytes
Cofilin is inactivated by phosphorylation of Ser-3 by LIM kinase (LIMK) 21 and is reactivated by dephosphorylation of Ser-3 by SSH phosphatases. 9 Although other SSH phosphatase isoforms (SSH2L, SSH3L) have also been reported to dephosphorylate and activate cofilin, SSH1L is the major SSH isoform in THP-1 monocytes ( Figure VI in the online-only Data Supplement). We, therefore, explored whether metabolic stress-induced priming altered the protein levels and enzyme activities of the key regulators of cofilin activity. Compared with vehicletreated cells, metabolically primed THP-1 monocytes showed no change in SSH1L and LIMK1 protein level (Figure 2A and 2C; Figure VII in the online-only Data Supplement) or activities ( Figure 2B and 2D) , suggesting an alternative mechanism for the regulation of cofilin phosphorylation.
SSH phosphatases bind to regulatory proteins, such as 14-3-3. [12] [13] [14] Binding to 14-3-3 does not alter SSH1L activity 14 but regulates the subcellular distribution of SSH1L by sequestering SSH1L and preventing translocation of the phosphatase to cofilin associated with the actin cytoskeleton. 13 We, therefore, examined how metabolic stress affects the expression levels of 14-3-3 family members in monocytes. THP-1 monocytes primarily expressed 14-3-3zeta and 14-3-3gamma ( Figure VIII in the online-only Data Supplement). Metabolic priming of THP-1 cells decreased 14-3-3zeta protein levels by 35% ( Figure 3A ), but 14-3-3gamma protein levels were not altered ( Figure IX in the online-only Data Supplement), suggesting that metabolic stress leads to the specific degradation of 14-3-3zeta . Surprisingly, the proteasomal inhibitor MG132 did not prevent metabolic stress-induced 14-3-3zeta degradation. However, when THP-1 monocytes were exposed to metabolic stress in the presence of the pan-caspase inhibitor Figure 2 . Metabolic priming does not change protein levels or enzymatic activities of Slingshot-1L (SSH1L) and LIM kinase 1 (LIMK1) in monocytes. A and C, Protein levels of cofilin phosphatase (SSH1L) and cofilin kinase (LIMK1) were assessed by Western blot analysis in unprimed (C) and metabolically primed THP-1 monocytes (low-density lipoprotein plus high glucose). B, Phosphatase activity of SSH1L immunoprecipitates in unprimed and metabolically primed THP-1 monocytes was assayed toward phospho-cofilin peptide. Catalytic activity of SSH1L was assayed spectrophotometrically as the amount of inorganic phosphate released. D, Unprimed and metabolically primed THP-1 monocytes were lysed and endogenous LIMK1 was immunoprecipitated and subjected to an in vitro kinase reaction, using His 6 -cofilin as a substrate. Reaction mixtures were subjected to SDS-PAGE and analyzed by Western blot with antiphospho-cofilin and antihistidine tag antibodies (n=3-4). 
Metabolic Stress Promotes S-Glutathionylation and Subsequent Degradation of 14-3-3zeta
We showed that metabolic stress in monocytes promotes protein S-glutathionylation, that is, the formation of mixed disulfides between glutathione and reactive protein thiols. 3, 22 Furthermore, previous studies by Lind et al 23 showed that 14-3-3zeta is S-glutathionylated in diamide-treated ECV304 endothelial-like cells. To explore whether 14-3-3zeta is a target of metabolic stress-induced S-glutathionylation in primed monocytes, we performed streptavidin-bead pull-down experiments in THP-1 monocytes preloaded with biotin-labeled glutathione. Compared with healthy THP-1 monocytes, levels of biotinlabeled 14-3-3zeta were increased 3.8-fold in primed monocytes ( Figure 3B ; Figure XI in the online-only Data Supplement), confirming that 14-3-3zeta is S-glutathionylated in response to metabolic stress. RNAi-mediated knockdown of 14-3-3zeta protein levels by 60% ( Figure 4A ; Figure Figure 4C ). Finally, blocking 14-3-3zeta S-glutathionylation in THP-1 monocytes by overexpressing Grx1 prevented the loss of 14-3-3zeta induced by metabolic priming ( Figure 5A ; Figure XIV in the onlineonly Data Supplement). These results suggest that (1) metabolic stress promotes the S-glutathionylation of 14-3-3zeta, (2) this post-translational modification results in the caspase-dependent degradation of the protein, and (3) that decreasing 14-3-3zeta protein levels alone is sufficient to recapitulate the effects of metabolic stress on monocyte chemotaxis.
Cysteine residue 25 (Cys25) of 14-3-3zeta was previously reported to be S-nitrosylated. 24 To test whether Cys25 is S-glutathionylated in metabolically primed monocytes, we mutated Cys25 to a serine residue. In contrast to WT 14-3-3zeta, the C25S mutant (C25S) of 14-3-3zeta was completely resistant to S-glutathionylation (Figure XV in the online-only Data Supplement), demonstrating that Cys25 is the only cysteine residue in 14-3-3zeta that is S-glutathionylated in response to metabolic stress. Next, we used a lentivirus-based transduction system to overexpress Flag-tagged 14-3-3zeta (WT or C25S mutant) in THP-1 monocytes. In contrast to WT 14-3-3zeta, the C25S mutant of 14-3-3zeta was completely resistant to degradation by metabolic priming ( Figure 5B ; Figure XVI in the online-only Data Supplement), supporting the concept that metabolic stress promotes S-glutathionylation of 14-3-3zeta, targeting this regulatory protein for degradation.
Pull-down experiments with anti-Flag antibodies in metabolically primed THP-1 monocytes overexpressing either WT or C25S mutant 14-3-3zeta revealed that S-glutathionylation decreased 14-3-3zeta protein levels but did not change the SSH1L/14-3-3zeta ratio, suggesting that the ability of 14-3-3zeta to bind SSH1L was not affected by metabolic priming ( Figure XVII in the online-only Data Supplement). Nevertheless, these results also suggest that 14-3-3zeta levels may be the limiting factor in determining the availability of free SSH1L and that any reduction in 14-3-3zeta protein induced by metabolic stress increases SSH1L available for cofilin (re)activation. This hypothesis is supported by the finding that THP-1 monocytes expressing the S-glutathionylationresistant C25S mutant 14-3-3zeta were completely protected from the effects of metabolic priming. Although primed, in response to MCP-1, these cells showed the same delayed phosphorylation and inactivation profile for cofilin observed in healthy monocytes ( Figure 5C ) and their chemotactic responses were fully normalized ( Figure 5D ). Together, these findings support a critical role for S-glutathionylation in regulating 14-3-3zeta expression levels and thus its capacity to sequester SSH1L. Our findings provide evidence for a novel redox-sensitive mechanism regulating cofilin activity and monocyte chemotaxis.
To examine whether this mechanism operates in vivo and 14-3-3zeta levels are diminished in monocytes of mice with metabolic disorders, we isolated and purified blood monocytes from LDL-R −/− mice fed either a low-fat diet or a highfat diet. Feeding LDL-R −/− mice a high-fat diet for 11 weeks increases total plasma cholesterol level 3-fold and plasma triglyceride levels 1.5-fold compared with LDL-R −/− mice fed a low-fat diet. 25 As predicted, 14-3-3zeta protein levels were reduced by 44% in monocytes isolated from dyslipidemic LDL-R −/− mice compared with monocytes from normolipidemic LDL-R −/− mice ( Figure 6A ; Figure XVIII in the online-only Data Supplement). Furthermore, cofilin phosphorylation induced by MCP-1 was completely suppressed in monocytes from high-fat diet mice ( Figure 6B ; Figure XIX in the online-only Data Supplement), suggesting that with the loss of 14-3-3zeta, excessive SSH1L was released, preventing the inactivation of cofilin and thus the termination of MCP-1-induced actin remodeling. Importantly, in advanced atherosclerotic lesions of the Metabolic priming decreases 14-3-3zeta protein levels but increases S-glutathionylation of 14-3-3zeta in monocytes. A, Protein levels of 14-3-3zeta were assessed by Western blot analysis in unprimed (C) and metabolically primed THP-1 monocytes (low-density lipoprotein plus high glucose, LDL+HG). B, THP-1 monocytes were preincubated with BIOGEE (250 μmol/L) and subsequently primed for 24 hours with either vehicle (open bar) or LDL+HG (black bar). After precipitation of Biotin-labeled proteins with streptavidin agarose, 14-3-3zeta S-glutathionylation was assessed by Western blot analysis using an antibody recognizing 14-3-3zeta (n=3-5).
by guest on July 2, 2017 http://atvb.ahajournals.org/ Downloaded from aortic root of high-fat diet-fed LDLR −/− mice, 14-3-3zeta and phospho-cofilin localized to macrophage-rich regions of the plaque. Staining for both proteins appeared to be less intense in the early aortic root lesion of low-fat dietfed LDLR −/− mice, but this was likely because of equally less intense macrophage staining (Figure XX in the onlineonly Data Supplement). Our findings are in agreement with those reported by Umahara et al, 26 demonstrating that 14-3-3zeta localizes to macrophage in the human carotid atherosclerotic lesion and it is the only isoform located in the nuclei of macrophages, in addition to the cytosol.
Discussion
Cofilin severs filaments and promotes the dissociation of subunits from filament pointed ends, accelerating actin disassembly. 27, 28 Severing actin filaments increases the number of free barbed ends of filaments, and, if these ends remain uncapped and actin monomers are available, they undergo rapid growth. 29, 30 Metabolic stress accelerates monocyte migration in response to MCP-1 through increased actin remodeling, 3 but the mechanisms underlying increased actin turnover were not clear. In the present study, we show that thiol oxidative stress induced by metabolic stress dramatically alters the temporal activity/phosphorylation profile of cofilin observed in response to MCP-1 stimulation, switching from a process characterized by the delayed onset of cofilin phosphorylation and inactivation in healthy monocytes to a state of sustained hyperactivation of cofilin in metabolically primed monocytes.
Two kinase families have been shown to phosphorylate and deactivate cofilin: the LIM Lin-11/Isl-1/Mec-3 (LIM) kinases and the testicular protein kinases. The LIM kinases, LIMK1 and LIMK2, are ubiquitous in their tissue distribution, 31, 32 whereas TESK1 is expressed most abundantly in testicular tissue, 33 suggesting that in monocytes LIMK1 and LIMK2 are the likely kinases involved in cofilin inactivation. Although earlier studies implicated the involvement of phosphatases with broad substrate specificities, such as PP1, PP2A, and PP2B, in cofilin activation, selective inhibitors of these phosphatases largely fail to block cofilin dephosphorylation. 34 In mammalian cells, SSH1L, along with SSH2L and SSH3L, dephosphorylates both phosphoactin-depolymerizing factor and phospho-cofilin at the critical Ser-3 residue, thereby suppressing actin filament assembly induced by LIMK1 or TESK1. 9 Notably, SSH3L was less effective in dephosphorylating these substrates in comparison with the 2 other isoforms. 10 In agreement with these reports, our data suggest SSH1L is the major cofilin phosphatase in THP-1 monocytes.
Surprisingly, in primed monocyte, we found no changes in either the protein level or the activity of the 2 enzymes that control the phosphorylation and activation state of cofilin, cofilin kinase, LIMK1, and phospho-cofilin phosphatase, SSH1L. We were also unable to demonstrate any changes in the levels of either cofilin S-glutathionylation or cofilin protein levels in response to metabolic stress, suggesting that the redox-sensitive step in the regulation of cofilin activity does not seem to involve cofilin itself. Our findings suggest an alternative, thiol redox-sensitive mechanism for the regulation of cofilin activity and actin turnover in monocytes that seems to contribute to the metabolic stress-induced conversion of monocytes into a hypermigratory, proatherogenic phenotype associated with metabolic disorders ( Figure 6C ). To assess the effects of 14-3-3zeta deficiency on monocytes, THP-1 monocytes were transfected for 72 hours with either nontargeting siRNA (siCont) or 2 different siRNAs directed against 14-3-3zeta (si#1 and si#2). 14-3-3zeta protein levels (A) and MCP-1 (2 nmol/L)-induced cofilin phosphorylation (B) and chemotaxis (C) were assessed (n=3-4). To facilitate actin reorganization at the leading edge, SSH is released from 14-3-3 and translocates to the actin filaments. 13, 35 Recent evidence indicates that 14-3-3 proteins associate with cofilin and SSH1L, thereby preventing cofilin dephosphorylation and translocation of SSH to F-actin-rich cortical regions.
13,14,36 14-3-3 proteins may, therefore, play a role in the formation of localized regulatory complexes composed of cofilin, LIMK, and F-actin as well as SSH. 14, 36, 37 Four isoforms of 14-3-3 proteins, 14-3-3gamma, tau, zeta, and beta, have been shown to interact with SSH1L and form inhibitory complexes by sequestering the phospho-cofilin phosphatase in the cytosolic fraction. 13 Of the 4 isoforms interacting with SSH1L, only 14-3-3gamma and zeta are expressed in the monocyte/macrophage linage, [38] [39] [40] including THP-1 monocytes.
We propose that in monocytes, protein levels of 14-3-3zeta, and thus its ability to sequester SSH1L, are controlled by S-glutathionylation at Cys25, which targets the protein for caspase-dependent rather than proteasomal degradation ( Figure 6C ). 14-3-3zeta S-glutathionylation has been reported in ECV304 endothelial-like cells, 23 but the functional relevance of this post-translational modification was not known. The novel mechanism we propose is supported by our findings that overexpression of Grx1 protects metabolically primed monocytes against hyper-responsiveness to MCP-1 3 and that overexpression of an S-glutathionylationresistant C25S mutant of 14-3-3zeta both mimicked the protective effects of Grx1 overexpression on monocyte priming and restored the cofilin activation profile.
In summary, our data support a central role for the S-glutathionylation of 14-3-3zeta in the regulation of monocyte chemotaxis. Metabolic stress-induced disruption of monocyte redox homeostasis promotes the degradation of 14-3-3zeta and the conversion of blood monocytes into a hypermigratory, proatherogenic phenotype. The fact that 14-3-3zeta levels are significantly decreased in monocytes of hyperlipidemic, atherosclerosis-prone mice raises the possibility that 14-3-3zeta deficiency in monocytes may be a biomarker for monocyte dysfunction associated with metabolic disorders and a risk factor for atherosclerosis. 14-3-3zeta S-glutathionylation on cysteine residue 25 by metabolic stress promotes its degradation. A, THP-1 monocytes were infected with a doxycycline (Dox)-inducible adenoviral vector carrying the sequence for a glutaredoxin 1 (Grx1)-enhanced green fluorescent protein fusion protein (pAd-Grx1), and Grx1 expression was induced by treating cells for 24 hours with 1 μg/mL Dox. THP-1 monocytes were then treated for 24 hours with vehicle or primed with low-density lipoprotein plus high glucose (LDL+HG), and 14-3-3zeta levels were measured by Western blot analysis (n=3). B-D, THP-1 monocytes were infected with lentiviral vectors carrying either wildtype (WT) Flag-tagged 14-3-3zeta or Flag-tagged 14-3-3zeta in which Cys25 was mutated to a serine residue (C25S). Cells were then treated for 24 hours with vehicle or primed with LDL+HG, and 14-3-3zeta protein levels (B), cofilin phosphorylation (C), and chemotactic responses to monocyte chemoattractant protein-1 were assessed (n=3-4). by guest on July 2, 2017 http://atvb.ahajournals.org/ Downloaded from Figure 6 . 14-3-3zeta protein levels are reduced and cofilin is hyperactivated in blood monocytes from dyslipidemic atherosclerosis-prone mice. Blood monocytes were isolated and purified from low-density lipoprotein receptor-deficient mice that were fed for 10 weeks either a low-fat diet (LFD) or a high-fat diet (HFD). A, 14-3-3zeta levels were determined by Western blot analysis (n=5). B, monocyte chemoattractant protein-1-induced cofilin phosphorylation was assessed by Western blot analysis (n=4). C, Hypothetical model for the hyperactivation of cofilin in metabolically primed monocytes. 
In Vitro Chemotaxis Assay
Chemotaxis assays were conducted in 48-well modified Boyden chamber (Cat# AP48, NeuroProbe, Gaithersburg, MD) as described previously 2 . Briefly, cells were washed and resuspended (0.5-1 x 10 6 /ml) in THP-1 cell culture medium (see above) supplemented with 0.1% FBS. Cells were then loaded into the upper wells of the Boyden chamber. The lower wells contained either vehicle or MCP-1 (2 nmol/L). A 5 µm polyvinyl pyrrolidone-free polycarbonate membrane (Cat# PFB5, NeuroProbe) was layered between the upper and lower chambers, and the chamber was incubated for 1.5 h at 37°C and 5% CO 2 . The membrane was washed and cells removed from the upper side of the filter. Transmigrated cells were stained with Diff-Quik ® Set (Cat# B4132-1A, Dade Behring, Deerfield, IL) and counted under a light microscope in four separate high power fields at 400X magnification.
14-3-3zeta Overexpression
Total RNA was isolated from human macrophages and applied as a template for cDNA synthesis with Revert Aid First Strand cDNA Synthesis Kit (Cat# K1622, Thermo Fisher Scientific, Pittsburgh, PA). To generate an N-terminal-Flag-tagged 14-3-3zeta, a DNA fragment containing full-length human 14-3-3zeta coding sequence (1-738bp) was generated by PCR amplification of human macrophage cDNA using the forward primer 5'-AAAAGGTACCATGGACTACAAGGACGACGATGACAAGGATAAAAATGAGCTGGTTC -3' and the backward primer 5′-TTTTGAATTCTTAATTTTCCCCTCCTTCTCCTGCTT -3′ followed by cloning into KpnI and EcoRI-restricted MCS of pcDNA3.1 (Cat# V79020, Invitrogen). To generate the C25S point mutant of 14-3-3 zeta, the "megaprimer" methods were performed 3 . For the C25S mutant megaprimer, forward primer of Flag-14-3-3zeta and backward primer 5′-TACAGACTTCATGCTGGCTGCCATGTCATC -3′ were used.
Lentiviral Transduction of THP-1 Monocytic Cells
pHIV-Flag-14-3-3zeta lentiviral plasmid was constructed by transferring the Flag-14-3-3zeta (WT or C25S) gene from pcDNA3.1-Flag-14-3-3zeta (WT or C25S) into pHIV-EGFP lentiviral plasmid (Addgene Plasmid # 21373, Cambridge, MA). All lentiviral supernatants were prepared by cotransfection of HEK-293T cells with one of the vector transfer constructs, envelope vector (pVSV-G), and the packaging vectors pMDLg/pRRE and RSV-Rev. The culture medium was replaced 12 h after transfection and viral supernatants were collected 48 h post-transfection. The viral supernatants were cleared by low-speed centrifugation, filtered through a 0.45 μm syringe filter and concentrated 100-fold using a Lenti-X™ Concentrator (Cat# 631231, Clontech, Mountain View, CA). Virus titers were determined by p24 ELISA following the manufacturer's instructions (Cat# 632200, Clontech). Viral pellets were resuspended in Opti-MEM (Cat# 31985062, Invitrogen) and stored at -80°C. For THP-1 monocytes transduction, 2 × 10 6 cells suspended in 1 ml of THP-1 medium were plated in 12-well plates, and viruses (MOI = 10) were added to each well. The plate was centrifuged for 1 h at 800 × g at 25°C. THP-1 monocytes were incubated for 16 h. After sixteen hours, cells were washed and resuspended in THP-1 medium with 10% FBS.
14-3-3zeta Knockdown
Control and 14-3-3zeta-specific siRNA (sequence 1 or sequence 2) and control siRNA were purchased from Ambion (Grand Island, NY). Transfection was performed using the TransIT-X2 transfection reagent (Cat# MIR 6004, Mirus Bio, Madison, WI). THP-1 monocytes (5x10 5 per well) were seeded on a 12-well plate. For each well to be transfected, a transfection mixture was made by mixing of siRNA (25 nM) in 100µl Opti-MEM and adding 3µl of TransIT-X2 reagent. Following a 30 min incubation, the mixture was added to each well followed by a 72 h incubation at 37°C.
Phosphatase Activity Assay
To evaluate endogenous SSH1L phosphatase activity, SSH1L was immunoprecipitated from THP-1 monocytes incubated with either vehicle or LDL+HG for 24 h. Assays were initiated by adding 200 μmol/l of a phospho-cofilin 1 (Ser-3) peptide (Cat# CX1155, ECM Biosciences, Versailles, KY) as a substrate to immunoprecipitates in 20 mmol/l Tris-HCl (pH 7.5), 150 mmol/l NaCl, 1% NP-40 and warmed to 37°C 4 . The reaction was stopped after 15 min. The release of free phosphate was evaluated by its colorimetric reaction with malachite green (Cat# 20-105, Millipore), and the color intensity was measured in a 96-well plate using a VersaMax (Molecular Devices, Sunnyvale, CA) at 595 nm. Phosphate released by SSH1L was quantified from a standard curve prepared with known amounts of KH 2 PO 4 .
In Vitro Kinase Assay
Cells were washed with phosphate-buffered saline, lysed in the lysis/kinase buffer (50 mmol/l Hepes, pH 7.4, 150 mmol/l NaCl, 1 mmol/l MgCl 2 , 1 mmol/l MnCl2, 10 mmol/l NaF, 1 mM Na 3 VO 4 , 5% glycerol, 1% Nonidet P-40) supplemented with protease inhibitor. After centrifugation, supernatants were precleared with protein G-Sepharose at 4 °C for 1 h, and incubated overnight at 4 °C with anti-LIMK1 antibody and protein G-Sepharose. The immunoprecipitates were washed twice with the lysis/kinase buffer. Immunoprecipitates were incubated for 20 min at 30°C in lysis/kinase containing 50 μmol/l ATP and substrate protein (His 6 -cofilin 0.25 mg/ml) and then resolved by SDS-PAGE 5, 6 . The kinase activity was measured by Western blot analysis with anti-phospho-cofilin and anti-histidine tag antibodies.
Adenovirus-Mediated Expression of Glutaredoxin 1
To overexpress human glutaredoxin1 (Grx1), we used a previously described Dox-controlled Tet-On adenoviral system expressing a Grx1-EGFP fusion protein 2 . THP-1 monocytes were incubated for 24 h with adenoviruses (MOI = 25) in THP-1 medium supplemented with 10% FBS. Transgene expression was induced by adding Dox (1 μg/mL; Sigma) for 24 h.
Monocyte F-actin/G-actin Ratios
Ratios of filamentous and monomeric actin in THP-1 monocytes were determined as described previously 2 . THP-1 monocytes infected with a doxycycline (Dox)-inducible adenoviral vector carrying the sequence for a Grx1-EGFP fusion protein (pAd-Grx1) were pre-incubated with either vehicle or Dox (1 μg/mL; Sigma) for 24 h, and primed with LDL+HG. Cells were then stimulated for 30 min with either vehicle or MCP-1. Cells were lysed, homogenized and the total cellular actin pool was separated by ultracentrifugation into globular actin (G-actin) and filamentous actin (F-actin) using the G-actin/F-actin in vivo Assay Kit (Cytoskeleton). G-actin and F-actin fractions were then separated by SDS-PAGE and actin was quantified by Western blot analysis.
In vitro S-glutathionylation of 14-3-3zeta Protein
Immunoprecipitated Flag-14-3-3zeta (WT or C25S) was S-glutathionylated by incubating the protein in PBS for 1 h at room temperature with 125 µmol/L glutathione (GSH) and 100 µmol/L Blood monocytes were isolated and purified from LDL receptor-deficient mice that were fed for 10 weeks either a low fat diet (LFD) or a high fat diet (HFD), and monocyte 14-3-3ζ levels were determined by Western blot analysis. 
